ABSTRACT
INTRODUCTION
Living systems constantly encounter free radicals that are generated by either enzymatic or non-enzymatic mechanisms which if not detoxified, lead to oxidative stress.
Peroxidation of membrane lipids results in the generation of several highly reactive aldehydes, and oxidized phospholipids. 4-Hydroxy-2-nonenal (4-HNE), one of the major biologically active aldehydes, is formed during inflammation and oxidative stress and can accumulate in certain tissues from μM to mM concentrations (Esterbauer et al., 1991) .
Increased levels of 4-HNE invoke a wide range of biological activities and activation of stress signaling pathways. Several in vivo and in vitro studies have demonstrated that 4-HNE is a key player in cardiovascular and lung disorders (Kaminski et al., 2008; NegreSalvayre et al., 2010; Parola et al., 1999; Poli et al., 2008; Uchida, 2003; Uchida et al., 1999; Yang et al., 2003b) . The formation and accumulation 4-HNE in tissues have been shown under different pathophysiological conditions. Enhanced levels of 4-HNEmodified proteins have been described in ischemic rat hearts or airway and alveolar epithelial cells, and in endothelial cells of subjects with chronic obstructive pulmonary disease (COPD) (Chaudhary et al., 2010; Compton et al., 1998; Eaton et al., 1999; Gutierrez et al., 2006; Herbst et al., 1999; Kaminski et al., 2008; Mertsch et al., 2001; Rahman et al., 2002; Uchida et al., 1999) . In human, ozone exposure causes formation of protein adducts, induction of stress proteins and apoptosis in airway and lung cells (Hamilton et al., 1998) . It has been proposed that 4-HNE formed during shock, sepsis, and ischemia/reperfusion causally related to lung injury (Compton et al., 1998; Herbst et al., 1999; Negre-Salvayre et al., 2010; Poli et al., 2008) . Interestingly, 4-HNE applied exogenously elicits similar effects as that of the endogenous form. Infusion of low doses of 4-HNE into isolated rat lungs results in peri-vascular edema with vascular compression and early endothelial cell (EC) barrier disruption (Herbst et al., 1999) . 4-HNE increases paracellular transport of albumin across human umbilical EC monolayer (Herbst et al., 1999) and increases blood-brain barrier permeability (Mertsch et al., 2001) .
Similarly, peroxidation of membrane associated polyunsaturated phosphatidylcholine (PC) to oxidized PC with a short chain valeraldehyde at sn-2 position has been shown to exhibit potent signaling properties and modulate cellular functions in vascular endothelium (Berliner and Gharavi, 2008; Bochkov et al., 2010; Catala, 2009; Fu and Birukov, 2009 ). In recent years, a number of excellent reviews have described the pathophysiological roles of 4-HNE and oxidized PC in mammalian systems Berliner and Gharavi, 2008; Bochkov et al., 2010; Compton et al., 1998; Dubinina and Dadali, 2010; Esterbauer et al., 1991; Forman, 2010; Gutierrez et al., 2006; Leonarduzzi et al., 2004; Negre-Salvayre et al., 2010; Parola et al., 1999; Poli et al., 2008; Uchida, 2003; Yang et al., 2003b) . This article focuses on recent advances in 4-HNE and oxidized PC as modulators of endothelial signal transduction, reorganization of cytoskeletal proteins and barrier function.
HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS

GENERATION OF HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS VIA LIPID PEROXIDATION
Peroxidation of oxidation products of polyunsaturated fatty acids (PUFAs) by enzymatic-and non-enzymatic mechanisms generate hydroxyalkenals and Ox-PLs (Berliner and Gharavi, 2008; Bochkov et al., 2010; Catala, 2009; Schneider et al., 2001) .
Non-enzymatic peroxidation of n-3-(18:3 alpha-linolenic acid, 20:5 eicosapentaenoic acid, and 22:6, docosahexaenoic acid) and n-6-(18:2 linoleic acid, 18:3 gamma linoleic acid, 22:4 adrenic acid) PUFAs generates 4-hydroxy-2E-hexenal (4-HHE) and 4-hydroxy-2E-nonenal (4-HNE) (types of 4-hydroxyalkenals), respectively in biological systems ( Fig. 1) . In the non-enzymatic pathway, the initial step of oxidation is mediated by hydroxyl-and lipid peroxyl-radicals generated by oxidized metabolites that undergo intramolecular rearrangement and carbon-carbon cleavage reactions to form different types of saturated and unsaturated aldehydes. Unlike the non-enzymatic pathway that can utilize both n-3-and n-6-PUFAs (Guichardant et al., 2006; Schneider et al., 2001) , the enzymatically regulated peroxidation pathway predominantly converts n-6-PUFAs to generate 4-HNE and 4-hydroxy-2E, 6Z-dodecadienal (4-HDDE) (Guichardant et al., 2002) . Additionally, n-3-and n-6-PUFA oxidation leads to the generation of volatile keto aldehydes such as trans-4-oxo-2-hexenal (4-OHE), and trans-4-oxo-2-nonenal (4-ONE),
respectively. In cells, PUFAs are esterified to phospholipids and cholesterol; and peroxidation, initiated by formation of hydroperoxides or peroxyradicals, generates a mixture of oxidized phospholipids and cholesterol (Bochkov et al., 2010; Catala, 2009 ).
Oxidative fragmentation of phospholipids produces -hydroxy-α,β-unsaturated aldehyde, -keto-α,β-unsaturated aldehyde, -hydroxy-α,β-unsaturated carboxylic and -keto-α,β-unsaturated carboxylic phospholipids (Bochkov et al., 2010; Catala, 2009 ). Oxidation of 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (PAPC), a major phospholipid present in cell membranes and minimally modified low density lipoproteins (LDL), generates several products with truncated oxidized residues at sn-2 position of the glycerol backbone (Groeneweg et al., 2008) . Some of the well characterized oxidized PAPC include ( Fig. 2) : 1-palmitoyl-2-(5-oxovalleroyl)-sn-glycero-3-phosphorylcholine (POVPC),1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphorylcholine (PGPC), and 5-keto-6-octenoic acid ester of 2-lysophosphatidylcholine (KOdiAPC) (Groeneweg et al., 2008) .
Addition of oxygen atom to PUFAs at sn-2 position generates another set of oxygenated
Ox-PL such as 1-palmitoyl-2-(5,6-epoxyisoprostane E2)-sn-glycero-3-phosphocholine (PEIPC) and 1-palmitoyl-2-(5,6-epoxycyclopentenone)-sn-glycero-3-phosphocholine (PECPC). A recent review on generation of oxidized phospholipids and their biological activities provides a comprehensive view with well illustrated structures of the hydroxyalkenals and Ox-PLs derived from PAPC (Bochkov et al., 2010; Catala, 2009; Compton et al., 1998; Dubinina and Dadali, 2010; Esterbauer et al., 1991; Forman, 2010; Fu and Birukov, 2009; Leonarduzzi et al., 2004; Parola et al., 1999; Poli et al., 2008) .
INTERACTIONS AND ADDUCT FORMATION OF 4-HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS
The presence of electrophilic α, β-unsaturated aldehydes in 4-hydroxyalkenals promotes Michael adduct formation at C3 position with biomolecules containing nucleophiles such as thiols, and amines and Schiff base adducts (Fig. 3) with proteins, phospholipids and DNA. To date, both 4-HNE and 4-HHE have been demonstrated to form adducts with DNA, proteins, glutathione, and phosphatidylethanolamine (Bacot et al., 2003; Dickinson and Forman, 2002; Guichardant et al., 2002; Negre-Salvayre et al., 2008; Roede et al., 2008; Spite et al., 2007) . The high lipophilicity of 4-HNE and 4-HDDE favors their accumulation and generation of adducts with membrane phospholipids and proteins (Esterbauer et al., 1991) . 4-Hydroxyalkenal-induced modification of membrane phospholipids and proteins can modulate membrane fluidity, structure and function. 4-Hydroxyalkenals can also interact with DNA forming etheno (ε) adducts with deoxyribonucleotide moieties (Esterbauer et al., 1991) . Ox-PLs containing reactive aldehyde group or α, β-unsaturated carbonyl groups form Schiff bases or Michael adducts with NH2-and SH-groups of proteins and free thiols such as glutathione (Dickinson and Forman, 2002; Dubinina and Dadali, 2010; Esterbauer et al., 1991; Forman, 2010) . Thus, interaction of 4-hydroxyalkenals and Ox-PLs with NH2-group(s) in proteins can inactivate amino acid residues and reduce protein activity or induce conformational changes in proteins resulting in protein dysfunction and membrane fluidity. Generation and accumulation of 4-hydroxyalkenals vary in different cell types, which dictate differences in cytotoxicity and biological functions among tissues.
DETOXIFICATION OF 4-HYDROXYALKENAL AND OXIDIZED PHOSPHOLIPIDS
Under physiological conditions the cellular concentrations of 4-hydroxyalkenals range from 0.1-1.0 M (Esterbauer et al., 1991) . However, under conditions of oxidative stress, 4-HNE accumulates in tissues up to concentration of 10 M to 5 mM (Esterbauer et al., 1991) . Post-hypoxic re-oxygenation condition or post-ischemic organ reperfusion results in enhanced 4-HNE level in different tissues and organs such as liver (hepatocytes), heart and small intestine (Compton et al., 1998; Eaton et al., 1999; Gutierrez et al., 2006; Hamilton et al., 1998; Kaminski et al., 2008; Mertsch et al., 2001; Nakamura et al., 2009; Rahman et al., 2002; Renner et al., 2005) . 4-HNE accumulation is regulated by multiple pathways involved in its detoxification and mediated (Fig. 4 A) by glutathione Stransferases, aldehyde dehydrogenase, alcohol dehydrogenase, aldose reductase, and aldo-keto reductase Cheng et al., 2001a; Cheng et al., 2001b; Dickinson and Forman, 2002; Forman, 2010; He et al., 1996; Raza and John, 2006; Sharma et al., 2004; Sharma et al., 2003; Srivastava et al., 2004; Tjalkens et al., 1998; Yang et al., 2004) . GSH is a vital and protective intracellular antioxidant; and changes in cellular GSH or GSH/GSSG ratio may be a key factor in the development and progression of many cardiovascular diseases (Dickinson and Forman, 2002; . Glutathione S-transferase, the main enzyme that detoxifies cellular 4-HNE by conjugation with GSH reduces accumulation of lipid hydroperoxides including reactive aldehydes . In addition to acting via the constitutively expressed glutathione S-transferase, oxidants such as H 2 O 2 , 4-HNE, lipid hydroperoxides or UVlight treatment can induce glutathione S-transferase to detoxify the excess oxidants generated in mammalian cells Raza and John, 2006; Tjalkens et al., 1998; Yang et al., 2003a) . Similar to 4-hydroxyalkenal mediated signaling pathways, several other systems also contribute to detoxification of Ox-PLs (Fig. 4 B) . Reactive peroxide groups in Ox-PLs are reduced by phospholipid glutathione peroxidase (GPx) as well as peroxiredoxin VI and glutathione transferase to corresponding hydroxides (Berliner and Gharavi, 2008; Bochkov et al., 2010; Catala, 2009; Manevich and Fisher, 2005; Negre-Salvayre et al., 2008; Roede et al., 2008) . Further, reactive carbonyl groups in Ox-PLs are detoxified by aldo-keto reductases that transform the carbonyl groups to hydroxyl groups. Additionally, several phospholipases and platelet activating factor acetylhydrolase cleave the oxidized residues at sn-2 position of the Ox-PL to generate lyso phospholipids and oxidized fatty aldehydes/acids. Similarly, lecithin : cholesterol acyltransferase (LCAT) can catalyze the transfer of the oxidized fatty acid from Ox-PLs to cholesterol generating lyso phospholipids and cholesterol esters (Goyal et al., 1997) .
Ox-PLs also form covalent adducts with proteins via their aldehyde or α, β-unsaturated carbonyl groups forming Michael adducts or Schiff bases (Forman, 2010; Leonarduzzi et al., 2004; Poli et al., 2008; Uchida, 2003) .
PATHOPHYSIOLOGICAL AND SIGNALING EFFECTS OF HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS
PATHOPHYSIOLOGICAL ASPECTS OF HYDROXYNONENALS
Hydroxyalkenals and Ox-PLs generated in vivo during various pathological conditions such as atherosclerosis, ischemia/reperfusion injury, diabetes and cancer can exert deleterious effects (Bochkov et al., 2010; Poli et al., 2008) . There is evidence in the literature that show an association between increased levels of 4-HNE and other lipid peroxidation products and development of oxidative stress-related human disorders (Berliner and Gharavi, 2008; Bochkov et al., 2010; Eaton et al., 1999; Hamilton et al., 1998; Herbst et al., 1999; Kaminski et al., 2008; Mertsch et al., 2001; Nakamura et al., 2009; Rahman et al., 2002; Renner et al., 2005; Uchida et al., 1999; Yang et al., 2004) ; however, it is unclear if hydroxyalkenals have a direct role in the pathophysiology or are a consequence. Moreover, hydroxyalkenals and Ox-PLs play a role as intracellular signaling molecules altering cellular responses to stress and toxicity, modulate cellular DNA, RNA, and protein synthesis, cell growth, and differentiation, and apoptosis (Bochkov et al., 2010; Parola et al., 1999; Poli et al., 2008; Uchida, 2003) . One very interesting target for 4-HNE is the caspases. Caspases are a family of cysteine proteases responsible for promoting cell death . Present as inactive pro-caspases, most caspases are activated following cleavage at a specific aspartate site by assembly of their active subunit forms -caspase-3, caspase-8 and caspase-9.
Caspase-3 may then cleave cellular target proteins including poly-ADP-ribosepolymerase (PARP) . 4-HNE treatment of ECs resulted in a 7 to 9
fold increase in caspase-3 activity at 50 and 100 μM concentrations, respectively.
However, at lower doses of 4-HNE (1-25 μM) there was no significant change in caspase-3 activity confirming the induction of apoptosis at higher, but not at lower doses LDL with the enhanced 4-HNE levels in the lesions (Hamilton et al., 1998) . Further, accumulation of 4-HNE and 4-HNE-modified proteins have been described in ischemic or dilated cardiomyopathy hearts, airway and alveolar epithelial cells, and in ECs of subjects with chronic obstructive pulmonary disease (COPD (Poli et al., 2008; Rahman et al., 2002; Uchida, 2003) . Increased 4-HNE-protein adducts was detected in plasma from patients with acute myocardial infarction and with systemic inflammatory syndrome (Kaminski et al., 2008) . In human subjects, ozone exposure induces formation of 4-HNE protein adducts, and apoptosis in airway and lung cells (Hamilton et al., 1998) . Infusion of low doses of 4-HNE into isolated rat lungs results in peri-vascular edema with vascular compression and early ECs disruption (Herbst et al., 1999) . 4-HNE increases paracellular transport of albumin across human umbilical ECs monolayer (Herbst et al., 1999) and increases blood-brain barrier permeability (Mertsch et al., 2001) . 4-HNE, applied exogenously, in a time-and dose-dependent (1-100 μM) fashion, increased EC permeability (Usatyuk and Natarajan, 2004) through the changes in cell-cell adhesion interaction (Usatyuk et al., 2006) . (Bochkov et al., 2002b) . 4-HNE-induced generation of ROS was mainly localized to mitochondria (Landar et al., 2006; Roede and Jones, 2008; Usatyuk et al., 2006) and was almost completely abolished by rotenone suggesting involvement of mitochondrial complex I in ROS generation (Usatyuk et al., 2006) . Substances containing -SH groups such as mercapto-propionyl-glycine (MPG) and N-acetylcysteine (NAC) confer protective effect against 4-HNE mediated cytotoxic responses (Dickinson and Forman, 2002) . NAC blocks 4-HNE-induced depletion in cellular glutathione (Usatyuk et al., 2006) , apoptosis, and suppresses activation of stress-activated protein kinases (Usatyuk et al., 2006) .
Administration of MPG to the heart before ischemia, reduces 4-HNE protein adducts by 75% (Eaton et al., 1999) , and there is evidence for beneficial effects of thiol agents against pathological aspects of lipid peroxidation in cardiovascular diseases (Sochman, 2002) .
HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS AS SIGNALING MOLECULES
Hydroxyalkenals and Ox-PLs because of their electrophilic nature, formed adducts with cellular nucleophiles such as proteins and lipids, which provide a rationale for the active aldehydes to modulate signaling pathways regulating cellular functions (Esterbauer et al., 1991) . The ability of hydroxyalkenals and Ox-PLs to modulate enzymes and signaling pathways depends on the cell type, detoxification mechanisms and concentrations employed. There is growing evidence that 4-HNE and Ox-POPC, in physiological and pathophysiological concentrations, modulates stress response mechanisms, detoxification pathways, survival and apoptotic mechanisms and inflammatory responses, which are briefly described below.
4-HYDROXYNONENAL MODULATES PROTEIN KINASE C and RECEPTOR
TYROSINE KINASES
There is mounting evidence for 4-HNE and Ox-PLs to modulate a number of protein kinases involved in cell signaling. While higher concentrations of 4-HNE (10-100 µM) modulated both Ca 2+ -and Ca 2+ -independent protein kinase C (PKC) isoforms, activation of PKC-β isoforms at lower concentrations of 4-HNE (0.1-1 µM) was observed that correlated to transport and secretion of glycoproteins in rat hepatocytes (Chiarpotto et al., 1999) . Similarly, 4-HNE induced activation of PKC-β isoforms in NT2 cells (Paola et al., 2000) that correlated with increased intracellular PKC-β generation. In addition to PKC-β isoforms, higher concentrations of 4-HNE activated PKC δ in isolated rat hepatocytes that was linked to apoptosis (Paola et al., 2000) . Potential mechanism(s) of down-regulation of PKC activity by relatively high doses of 4-HNE could involve excessive alkylation of thiol groups due to PKC-HNE adduct formation (Schwarzer et al., 1996) . 4-HNE and other hydroxyalkenals, depending upon incubation time and concentration, stimulated autophosphorylation of receptor tyrosine kinases (RTKs) such as PDGF-and EGFRs via formation of stable adducts with specific amino acid residues in the RTKs (Escargueil-Blanc et al., 2001; Negre-Salvayre et al., 2003) . Such a stimulation of RTK by 4-HNE resulted in activation of down-stream signaling cascades such as PI3K/Akt survival pathway and mitogenic responses in SMCs (Auge et al., 2002) . In contrast to inhibitory effects of higher concentrations of 4-HNE on PKC-β isoforms, low concentrations of 4-HNE inhibited tyrosine phosphorylation of PDGF-Rβ by PDGF-BB resulting in inhibition of MAPKs and PI3K signaling and decreased DNA synthesis (Robino et al., 2000) .
4-HYDROXYNONENAL MODULATES IkB AND NF-kB SIGNAL TRANSDUCTION
Hydroxyalkenals affect NF-kB signal transduction, a major signaling pathway linked to oxidative stress and inflammation in mammalian cells. Chlamydia pneumonia or LPSactivated IKK/I kappa B-mediated signaling was inhibited by primary exposure to 4-HNE (Donath et al., 2002; Page et al., 1999) . This inhibitory effect of 4-HNE seems to involve direct interaction and covalent adduct formation between 4-HNE and IkB proteins with subsequent blockage of phosphorylation and degradation of IkB proteins (Ji et al., 2001) .
Such an effect on nF-kB signaling by 4-HNE can be relevant to expression of genes regulated by NF-kB and in the pathophysiology of inflammatory diseases (Page et al., 1999) .
4-HYDROXYNONENAL MODULATES MITOGEN-ACTIVATED PROTEIN KINASES
Mitogen activated protein kinases (MAPKs) that include extracellular signal-regulated kinase (ERK1/2), p38 mitogen-activated protein kinase (MAPK) and c-Jun NH2-terminal kinase (JNK) play significant role in the cellular stress responses. 4-HNE was shown to markedly up-regulate MAPK activities, which in turn alter other cell signaling pathways (Borbiev et al., 2004; Cheng et al., 2001b; Usatyuk and Natarajan, 2004; Usatyuk et al., 2003; Wang and Doerschuk, 2001) . Possible mechanism(s) includes phosphorylation of targets like heat shock protein (HSP) 27 (Guay et al., 1997) , cytoskeletal proteins (Usatyuk and Natarajan, 2004; Wang and Doerschuk, 2001) , focal adhesion and adherens junction proteins including cadherins and catenins (Usatyuk et al., 2006) .
Phosphorylation of HSP 27 is mediated by the mitogen activated kinase-activated protein kinase-2, a downstream target of activated p38 MAPK (Stokoe et al., 1992) . The ability of 4-HHE to modulate endothelial barrier function is unknown; however, the biological activity of 4-HHE is distinct from 4-HNE suggesting the importance of 4-HHE in tissues rich in n-3 PUFAs. 
OXIDIZED PHOSPHOLIPIDS MODULATE SIGNAL TRANSDUCTION PATHWAYS AND GENE EXPRESSION
HYDROXYALKENALS AND OXIDIZED PHOSPHOLIPIDS MODULATE ENDOTHELIAL BARRIER FUNCTION
Endothelial cells, lining the blood vessels, serve as a semi-permeable barrier to circulating cells, plasma albumin, macromolecules, and bioactive agents. Maintenance of EC barrier integrity is critical for vessel wall homeostasis and normal organ function.
Among various circulating edemic agents, ROS, generated at sites of inflammation and injury by activated polymorphonuclear leukocytes or ECs, play an important role in the disruption of barrier function (Mehta and Malik, 2006).
4-HYDROXYNONENAL MODULATES ENDOTHELIAL BARRIER FUNCTION THROUGH FOCAL ADHESION KINASE
Previous studies from various laboratories have demonstrated that exposure of ECs to ROS or edemic agents induce actin stress fibers, enhance protein tyrosine phosphorylation of Src, focal adhesion, and adherens junction proteins, and alter EC 
4-HYDROXYNONENAL MODULATES ENDOTHELIAL BARRIER FUNCTION THROUGH CYTOSKELETAL REORGANIZATION
There is considerable evidence for the role of cytoskeletal proteins including actin and actin binding proteins, focal adhesion and adherens junction proteins in regulation of EC barrier function. Recent studies have demonstrated that ROS potently and rapidly polymerized G-actin to F-actin and decreased TER in lung ECs, suggesting participation of actin reorganization in barrier function (Dudek and Garcia, 2001) . We and others observed that 4-HNE induced actin stress fibers as well as intercellular gap formation suggesting a link between F-actin cytoskeletal rearrangement and permeability changes (Aldini et al., 2005; Gadoni et al., 1993; Gayarre et al., 2006; Huot et al., 1997; Ozeki et al., 2005; Usatyuk and Natarajan, 2004; VanWinkle et al., 1994) . The effect of 4-HNE on actin rearrangement was partially prevented by MAPK inhibitors and thiol protectants suggesting an important role for ERK, p38 MAPK and JNK and redox-dependent mechanisms in cytoskeletal regulation (Usatyuk and Natarajan, 2004) . It has been recently reported that actin can be modified by the Michael addition of 4-HNE to Cys374 (Aldini et al., 2005; Ozeki et al., 2005) . Exposure of purified actin at increasing reactive aldehyde (4-HNE and acrolein) concentrations have identified the sites of these aldehyde additions using LC-ESI-MS/MS (Aldini et al., 2005) . As Cys374 is a preferential target for various oxidative/nitrosative modifications, and actin is one of the main carbonylated proteins in vivo, it was suggested that the highly reactive Cys374 could serve as a carbonyl scavenger of reactive α, β-unsaturated aldehydes and other electrophilic lipids (Ozeki et al., 2005) . Glutathionylation of Cys374 regulates actin polymerization (Dalle-Donne et al., 2003) . Further LC-ESI-MS/MS analysis indicated that the reactivity of Cys374 residue is due to a significant accessible surface and substantial thiol acidity due to the particular microenvironment surrounding Cys374 (Aldini et al., 2005) . Native actin forms long regular double-helical filaments. Pre-treatment of actin with 4-HNE markedly altered filament structure leading to the formation of shorter and more disperse filaments (Gayarre et al., 2006) . Immunoaffinity separation and sequencing revealed that actin is a major target protein for HNE modification in vivo (Dalle-Donne et al., 2007; Ozeki et al., 2005) . We observed that 4-HNE induced actin stress fibers, actin aggregation as well as intercellular gap formation in lung ECs (Usatyuk and Natarajan, 2004) . These data point out that 4-HNE-dependent destabilization or stabilization of actin microfilaments with other cytoskeletal proteins regulate EC barrier function. Modification of cytoskeletal proteins, including actin and microtubules, by 4-HNE and other α, β-unsaturated aldehydes plays an important role in the regulation of cell-cell contacts and endothelial barrier function (Usatyuk et al., 2006) .
Cross-talk between FAK, and cytoskeleton seems to be involved in FAK autophosphorylation and activation by integrins (Mehta et al., 2002; Parsons, 2003; Romer et al., 2006; Sun et al., 2009 ).
4-HYDROXYNONENAL MODULATES ENDOTHELIAL BARRIER FUNCTION THROUGH INTEGRINS
Cross-talk between FAK, integrin and cytoskeleton has been proposed to be responsible for FAK activation and autophosphorylation by integrin in cell adhesion (Mehta et al., 2002; Parsons, 2003; Romer et al., 2006; Sun et al., 2009 ). Integrins are a family of transmembrane α and β heterodimers consisting of matrix binding sites for collagen, laminin, vitronectin and fibronectin (Wang et al., 2006) . The cytoplasmic domain of integrin interacts with a number of signaling and adaptor proteins that link to focal adhesion and cytoskeleton (Katsumi et al., 2004) . It is well established that integrins are critical mediators of lung vascular permeability and acute lung injury. As cell-matrix adhesion and cell shape are mediated by integrins, loss of this binding could result in intercellular gaps and disruption of EC barrier function. In addition, it is shown that integrin-mediated activation of focal adhesion proteins could be induced in cells derived from FAK-deficient (FAK-/-) animals (Ueki et al., 1998) . Integrin-mediated adhesion to the extracellular matrix regulate RhoA signaling (Vigil et al.) which play pivotal roles in the regulation of endothelial integrity and permeability (Carbajal and Schaeffer, 1999) . Suppression of Rho kinase activity in mice with Y-27632, a specific Rho kinase inhibitor, decreased infarct volume substantiated the relevance of Rho kinase overactivity to ischemic cerebral damage (Rikitake et al., 2005) . The ability of FAK to down-regulate RhoA activity is well documented (Holinstat et al., 2006) , and it has been shown that FAK may interact with the Rho GTPase-activating protein (GAP) GRAF (Vigil et al.) . It was recently demonstrated for the first time that 4-HNE caused a rapid (15 min) decline in surface integrins and tyrosine phosphorylation of FAK (Usatyuk et al., 2006) , which explain the dramatic alteration EC barrier dysfunction leading to tissue damage and edema during heart infarction, brain stroke and lung diseases.
The mechanism(s) by which 4-HNE affects integrins signaling is not completely understood. One of the possible pathways may involve 4-HNE-induced activation of
Ephrin kinases which in turn can inhibit integrin-mediated cell adhesion (Miao et al., 2000) . Further, integrin-mediated ROS production required inhibition of a low molecular weight protein tyrosine phosphatase that prevented dephosphorylation and activation of FAK (Chiarugi et al., 2003; Hernandez-Hernandez et al., 2005; Hernandez-Hernandez et al., 1999) ; however, it is unclear if such a mechanism is involved in attenuation of 
OXIDIZED PHOSPHOLIPIDS AND ENDOTHELIAL BARRIER REGULATION INVOLVING SMALL GTPases, FOCAL ADHESION AND ADHERENS JUNCTION PROTEINS
In contrast to barrier disruptive property of hydroxyalkenals (Mertsch et al., 2001; Usatyuk and Natarajan, 2004; Usatyuk et al., 2006) , Ox-PLs exhibit anti-inflammatory and protective effects (Berliner and Gharavi, 2008; Bochkov et al., 2010) . In certain instances, Ox-PLs also show pro-inflammatory property, which is dependent on concentration and route of delivery. The anti-inflammatory effects are mediated by modulation of signal transduction pathways that enhance barrier function, and expression of transcription factors regulating anti-and pro-inflammatory genes (Berliner and Gharavi, 2008; Bochkov et al., 2010) . Intratracheal instillation of Ox-PLs protected LPS-and VILI-induced lung injury in animal models (Bochkov et al., 2002a) and endothelial cells exposed to thrombin and cyclic stretch (Birukova et al., 2007b) .
However, higher doses of instilled Ox-PLs induced lung injury by causing barrier disruptive effects on the epithelial cells (Birukova et al., 2007b) . In vitro, exposure of pulmonary ECs to Ox-PLs protected LPS-or thrombin-induced barrier disruption (Birukova et al., 2007b) . Mechanisms that regulate EC barrier protective effects of OxPLs include balance between Rac and Rho small GTPases, reorganization and interaction of cytoskeletal, focal adhesions, and adhesion junction proteins (Birukov et al., 2004a; Birukov et al., 2004b; Birukova et al., 2007a; Birukova et al., 2007c; Bochkov et al., 2002a) . Ox-PLs-induced barrier protection of pulmonary ECs results from activation of Rac and Cdc42 leading to the enhancement of coffilin phosphorylation, actin polymerization at cell periphery (Birukov et al., 2004a; Birukova et al., 2007c) , and redistribution of adherens junction and focal adhesion proteins via paxillin binding to beta-catenin (Birukova et al., 2007c) . Furthermore, upstream activation of PKA, Src and PKC was involved in Ox-PL mediated Rac/Cdc42 pathway in the endothelium (Bochkov et al., 2010) . The barrier-protective effects of PKA due to its ability to attenuate the endothelial myosin light chain (MLC) kinase activity that leads to a decreased basal level of MLC phosphorylation, PAK-mediated inhibition of Rho activity, and phosphorylation of the actin-binding proteins filamin, adductin, dematin, as well as paxillin and FAK (Bochkov et al., 2010) . In a recent study it was demonstrated that Src kinase inhibition abolished Ox-PAPC-induced phosphorylation of FAK and its substrate paxillin, a focal adhesion protein, which functions as structural and adaptor protein (Birukova et al., 2007a) . Further, this study showed that inhibitors of PKA and PKC abolished Ox-PAPCinduced Rac activation, whereas MEK/ERK-1,2 and p38 MAP kinase inhibitors were without effect. Also, down-regulation of small GTPases by pretreatment with toxin B attenuated phosphorylation of Src, FAK and paxillin (Birukova et al., 2007a) . Since Ox-PAPC does not activate Rho, these results suggest involvement of Rac-dependent tyrosine phosphorylation of Src, FAK, and paxillin, which may be an important part of coordinated focal adhesion and cytoskeletal remodeling associated with barrierprotective effects of Ox-PAPC. Thus, Ox-PLs exhibit a broad range of biologic activities, including pro-inflammatory and anti-inflammatory effects as well as the regulation of vascular permeability (Fig. 6) . Spatial distribution, concentration and type of Ox-PLs generated under different pathological situations may dictate activation or inhibition of signaling pathways that regulate pro-or anti-inflammatory effects of these bioactive mediators in vivo.
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FIGURE LEGENDS
Peroxidation of polyunsaturated fatty acids by enzymatic-and non-enzymatic mechanisms generate bioactive hydroxy-and keto-aldehydes such as 4-hydroxy-2E-nonenal (4-HNE), trans-4-oxo-2-nonenal (4-ONE), 4-hydroxy-2E-hexenal (4-HHE),
trans-4-oxo-2-hexenal (4-OHE), and 4-hydroxy-2E-, 6Z-dodecadienal (4-HDDE). 
